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It was predicted 30 years ago that the supercurrent in such junctions should oscillate as a function of the Flayer thickness, 2 but it wasn't until just over a decade ago that the oscillations were observed in experiments.
3,4
The oscillations arise because the two electrons from a spin-singlet Cooper pair in the superconductor (S) enter different spin bands in F, separated by the exchange energy. In the diffusive limit, the pair correlations decay exponentially over a very short distance scale limited by the exchange energy in F.
Electron pairs in equal-spin spin-triplet states are not subject to the exchange energy, hence they are able to propagate long distances in F. While superconductors with bulk spin-triplet pairing are rare, it was predicted in 2001 that spin-triplet pair correlations can be generated in S/F systems involving non-collinear magnetizations, even when all superconductors present in the system have traditional spin-singlet symmetry. [5] [6] [7] [8] Some experimental evidence of the long range triplet appeared in 2006, 9,10 while more convincing evidence was released in 2010.
11-14 Our group's contribution 11 was based on the measurements of critical current, I c , in Josephson junctions of the form S/F'/F/F'/S, where F was a synthetic antiferromagnet, and F' were thin ferromagnetic layers with magnetizations non-collinear with F. In these experiments, F took the form of Co/Ru/Co, with Ru thickness of 0.6 nm. The system possesses anti-parallel coupling of the two Co magnetizations resulting in zero net magnetic flux, which prevents distortion of the "Fraunhofer patterns" one observes in plots of I c vs. H applied parallel to the plane of the Josephson junction. It was found that I c slowly decreased with Co thickness, as opposed to samples without the F' layers which showed a rapid decay in I c . The long range supercurrent in samples possessing F' layers was strong evidence for the presence of spin-triplet pair correlations.
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The next step was to attempt to optimize the samples so as to observe the maximum enhancement in I c for a given ferromagnetic thickness. 16 The F' layers were magnetized in the film plane at low temperatures. During this process, the Co/Ru/Co layers also magnetize and undergo a "spin-flop" transition, which results in the magnetization of the Co layers being in-plane and perpendicular to the F' layer magnetization after the field is removed. The perpendicular magnetization configuration optimizes the spin-triplet generation, which is maximum for 90-degree non-collinearity of the ferromagnetic layers.
15,17
The present work was motivated by a desire to find a suitable replacement for our Co/Ru/Co synthetic antiferromagnet so future work can take advantage of a virgin state magnetic configuration that is pre-optimized on fabrication. An ideal central ferromagnetic system would naturally possess a magnetization perpendicular to the F' layers, and yet would not adversely effect the characteristic Fraunhofer patterns of such samples. Such a material exists in the Co/Ni multilayer system. 18 When alternating layers of Ni and Co thin films are deposited, the system naturally aligns its magnetization perpendicular to the plane of the film. This is due to the large magnetic anisotropy energy and the location of the Fermi energy near bands whose spin-orbit interaction favors a perpendicular anisotropy.
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In this work, we have grown two sets of samples with differing thin film ferromagnetic structures. In the first set, we start by growing multilayers of the (15) , with all thicknesses in nm. The second type of sample adds the F' layers in the form of two 1.2 nm layers of Ni inserted into the Cu spacers on either side of the Co/Ni multilayer structure, with all but the top most layer of Cu grown to a thickness of 5 nm as in Figure 1 . In both cases, the entire multilayer was formed without breaking vacuum.
To verify the perpendicular anisotropy of the Co/Ni multilayer structure, magnetization measurements were performed at 12 K in a commercial SQUID magnetometer. Samples of the first multilayer type with varying n were fabricated as a film with only 50 nm of Nb on the bottom, and 10 nm Nb on the top. These samples were measured with the field applied in both the in-plane (parallel) and out-of-plane (perpendicular) directions. The data for the n = 10 and n = 18 samples are shown in Figure 2 . The perpendicular direction shows a stronger hysterisis than the parallel direction for all n, though the remnant magnetization is not near the saturation value in most samples. At low fields the parallel configuration appears to saturate to half the value of the perpendicular direction. The inset presents higher field measurements of the n = 18 sample. We attempted to magnetize the Co/Ni multilayer to high field in order to force the parallel orientation to reach the perpendicular saturation value. While this did not occur at 5 T, the parallel configuration did more closely approach the perpendicular saturation. This suggests that the perpendicular anisotropy is very strong, and restricts the complete canting of the moments into the plane.
Josephson Junctions with circular cross sections were formed using photolithography and ion milling as discussed in our previous work. 11, 16, 19 All data were taken on 10 µm-diameter pillars at 4.2K by dipping the sample into a liquid helium dewar. The current-voltage (I-V) characteristics of the samples were measured using a current comparitor circuit using a SQUID as a null detector. The samples exhibit the standard I-V characteristics for an overdamped Josephson junction,
where R N is the normal-state resistance determined from the slope of the I-V relation at large currents. All of the samples are initially characterized by applying a small magnetic field in the plane of the substrate, perpendicular to the current direction. Plotting I c vs. H should yield the Fraunhofer pattern for our pillars (exactly, it should be the "Airy pattern", since our pillars are circular). Figure 3 shows the I c vs. H data for sev- eral of our 10 µm diameter junctions in the virgin state, both with and without F'. Figure 3a is an example of a reasonably high quality Fraunhofer pattern, while Figure 3b demonstrates that not all of our pillars display pristine patterns. This is due to the ferromagnetic materials present in the samples, which add internal magnetic fluxes that cause the Fraunhofer patterns to deviate from the ideal. 20, 21 The samples including the F' layer tend to have more uniformly high quality patterns compared to those without F'. This is not understood, but could be due to the addition of the first F' layer during fabrication, where the resulting fringing field may influence the domain structure of the Co/Ni layers during deposition. As with our previous samples containing Co/Ru/Co trilayers, the virgin state Fraunhofer patterns tend to fluctuate from run to run. 22 We attempted to magnetize the Co/Ni multilayer in the samples without F' in hopes of improving the Fraunhofer quality. We magnetized the samples in the perpendicular direction in fields up to 0.4 T at room temperature (our dippers are currently arranged only for in-plane magnetic fields) and again characterized the I c vs. H of the samples. There was no net enhancement of I c R N over all samples. Though some samples did show a modest increase, just as many showed no change or even a decrease in peak I c . We also did not observe a notable improvement in the Fraunhofer quality over the measured samples. Figure 4 presents our main result, a plot of I c R N vs. Co. Using singlet decay lengths from Khasawneh et al.
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for Co and Robinson et al. 24 for Ni we calculate a value A = 0.18 for our system, which is somewhat less than our measured value of A = 0.29. This is not surprising, since the simple model used above does not account for any spin-memory loss at Ni/Co interfaces. 25 If one considers only the samples with the highest-quality Fraunhofer patterns (upright green triangles), the data suggest a value of A = 0.18 ± 0.05, which happens to match the naive calculation neglecting interface effects.
In our previous work, 16, 22 we optimized the I c R N products by exposing the samples to a large in-plane field of order 0.2-0.3 T while they were at 4.2 K. That procedure had two effects: the Ni F' layers were magnetized in the direction of the field, while the Co layers in the Co/Ru/Co trilayer ended up with their in-plane magnetizations nearly perpendicular to the field, after undergoing a spin-flop transition. We have carried out a similar procedure for the samples in this study containing F' layers, namely we exposed them to an in-plane field of 0.32 T at 4.2 K -sufficient to completely magnetize the Ni layers.
16
Panels e) and f) in Figure 3 show the results. After magnetization, a shift in the Fraunhofer peaks was observed, as would be expected for the additional directed magnetic flux in the system. However, as n increased the shift also grew, typically to 6 or 8 mT, but in one case to 24 mT (Figure 3f ) -much more than the 2.5 mT shift ob-served by our group with samples containing Co/Ru/Co and comparable Ni F' layers. 22 The larger field shift of the Fraunhofer patterns for the large n samples suggests that the moments in the Co/Ni multilayers are canting somewhat toward the field direction. That hypothesis is consistent with the in-plane magnetization data shown in Figure 2 , which show a clear non-zero in-plane remnant magnetization in the n = 18 sample, whereas the n = 10 sample has almost no in-plane remnant magnetization. Upon being magnetized, the peak value of I c R N stayed about the same in the samples with n = 8 and 10, but decreased in the samples with higher n, again with the n = 18 sample shown in Figure 3f being the extreme case where I c R N dropped by a factor of 5.
To compare the absolute magnitude of I c R N to our previous results with samples containing Co/Ru/Co, 16, 22 it is important to note that the previous samples in the virgin state show signals much smaller than they do when magnetized. Depending on sample to sample conditions, this can be as much as a factor of 20 change in signal. Ultimately, the optimized values of I c R N for the previous samples peak at about 1.5 µV for samples with a total Co thickness of 12 nm. 22 For a similar thickness of the Co/Ni multilayer in the new samples, Figure 4 shows comparable peak values in I c R N for the virgin state data.
In conclusion, we have measured the supercurrent of S/F/S Josephson junctions containing Co/Ni multilayers as the middle layer. There is a strong enhancement in the I c R N product of junctions containing additional F' layers on both sides of the central F layer, indicating that spin-triplet supercurrent is generated in those samples. In the virgin state, the samples demonstrate an equal or larger I c R N than when magnetized. The virginstate values of I c R N are comparable to the optimized magnetized values of the previous generation of samples containing Co/Ru/Co. This is consistent with the known perpendicular anisotropy of the Co/Ni multilayer system, with magnetization oriented 90 degrees with respect to the in-plane magnetizations of the Ni F' layers. Thus, the Co/Ni multilayer is an excellent replacement for the Co/Ru/Co and provides a promising system for future experiments in spin-triplet physics.
